Introduction {#sec1-1}
============

Amyotrophic lateral sclerosis (ALS) is a fatal form of the neurodegenerative disorder.\[[@ref1]\] ALS is markedly heterogenous in its onset, clinical appearance, and progression. In past, many studies have tried to evaluate changes occurring in brain with the help of magnetic resonance imaging (MRI).\[[@ref2][@ref3][@ref4]\] Conventional MR sequences have not shown significant diagnostic accuracy.\[[@ref4][@ref5]\] Many pathological studies have shown changes occurring in brain.\[[@ref6]\] These changes are better studied by use of advanced MR techniques such as diffusion tensor imaging (DTI) and magnetic resonance spectroscopy (MRS).\[[@ref7]\]

DTI quantifies diffusion characteristics and directional behavior of water in white matter hence providing information about its microstructure. Most of the studies till date have shown reduced fractional anisotropy (FA) values in various parts of corticospinal tract (CST).\[[@ref8][@ref9]\]

White matter tract degeneration is associated with alteration in metabolic processes and hence metabolites, which might occur silently before evidence on conventional MR sequences. 1H-MRS helps in detecting changes in these metabolites. Most of the studies have shown changes in these metabolites in ALS patients with the help of single voxel or two-dimensional multi-voxel MRS.\[[@ref10][@ref11]\]

The objective of this methodological study was to determine changes occurring in the brain in patients with ALS.

Materials and Methods {#sec1-2}
=====================

Subject selection {#sec2-1}
-----------------

We studied 21 consecutive patients with ALS who were recruited from Department of Neurology, Indira Gandhi Medical College, Shimla, Himachal Pradesh Patients with ALS (*n* = 21; women = 7; men = 14; mean age = 51.28 ± 15.38 were classified according to the revised El-Escorial criteria as definite (7 patients), probable (7 patients), and possible (7 patients) ALS. Patients were also classified according to bulbar and limb onset. None of the patients had cognitive symptoms or extrapyramidal associated disorders. Subjects with progressive spinal muscular atrophy and progressive bulbar palsy were excluded. Differential diagnosis with other pathological conditions was conducted with appropriate blood tests, electrophysiological exams, and neuroimaging. Thirteen healthy volunteers formed control group (women = 5, men = 8; mean age = 42.25 ± 15.6). Control groups were chosen from patients who have come for MRI for some other indications not related to the disease being studied. These controls were chosen such that they represent each age group and can represent appropriate sex. Standard MRI prescreening procedures were used to exclude subjects with MRI contraindications, previous brain injury or surgery, or a history of neurological disease, psychiatric illness or substance abuse diabetes, hypertension or any other co-morbidity, which can add confounding factor to the study. The institutional review board of Indira Gandhi Medical College, Shimla, approved the study protocol and all subjects provided signed written consent before participation.

Neurological exam {#sec2-2}
-----------------

Experienced neurologist performed a neurological exam. History and risk factor evaluation were done. A complete examination of cranial nerves, sensory and motor system, superficial, and deep tendon reflexes was done. Patients were classified using El-Escorial criteria. Revised ALSFRS score was calculated for each patient. Other contributing factors if present were evaluated and necessary tests were advised and performed. Electromyographic test was also performed for each patient by treating neurologist.

Magnetic resonance imaging acquisition {#sec2-3}
--------------------------------------

MRI was obtained on a 1.5T AVANTO system (Siemens, Erlangen, Germany) by using an 8-channel head coil.

Following MRI sequences were included: T1 MPRAGE (TR = 1900 ms, TE = 3.25, bandwidth = 203 Hz, matrix size = 208 × 256, axial section thickness = 1 mm, flip angle = 8°, acquisition time = 3:40 min) and T2-weighted turbo spin-echo (TR = 3200 ms, TE = 107 ms, bandwidth = 203 Hz, number of averages = 3, FOV = 230 mm^2^, matrix size = 218 × 320, axial section thickness = 3 mm, flip angle = 150°, acquisition time = 2:21 min). The DTI protocol consisted of a single-shot diffusion weighted echo-planar imaging sequence. Typical acquisition parameters were as follows (TR = 5000 ms, TE = 94 ms, bandwidth = 1346 Hz, no. of directions = 30, FOV = 230 mm^2^, matrix size = 128 × 128, axial section thickness = 4 mm, acquisition time = 5:25 min). 1H-MRSI was obtained with a chemical shift imaging technique, using a point-resolved spectroscopy sequence (TR = 1500 ms, TE = 135 ms, bandwidth = 1000 Hz, FOV = 139 mm^2^, no. of directions = 30, axial section thickness = 1 mm, flip angle = 90°, acquisition time = 6:32 min).

Analysis and post processing {#sec2-4}
----------------------------

### Diffusion tensor imaging {#sec3-1}

The DTI data were analyzed with commercial software (Siemens Syngo VE26A, Neuro 3D, Siemens, Erlangen, Germany) on an offline workstation. Eddy currents induced distortions were first corrected. The diffusion tensor was then estimated by linear regression and mean diffusivity (MD) and FA maps were generated.

One-experienced neuroradiologist and one radiologist carefully measured the FA and MD values of all patients. The regions of interest (ROIs) were manually defined as shown in Figure [1a](#F1){ref-type="fig"} and [b](#F1){ref-type="fig"}. The same anatomic areas always had equal-sized ROIs over both hemispheres and over all patients. Following areas were studied. (i) White matter of primary motor cortex on both sides near knob of the central sulcus, (ii) genu and splenium of corpus callosum (CC), (iii) mid-portion of posterior limb of internal capsule, and (iv) pyramidal eminence of medulla oblongata. T1 MPRAGE images were fused with nondiffusion-weighted b0 images for better defining the structures and anatomic boundaries. The size of the ROIs was 3 mm^3^. For each area assessed, ROIs were manually placed on axial images of the color-coded FA maps and automatically transferred on T1 MPRAGE and apparent diffusion coefficient maps. The ROIs of the CC were drawn in the midline. The ROIs were centered in the region using color-coded directions while taking care to avoid border areas, such as areas overlapping with cerebrospinal fluid spaces and neighboring tracts.

![Placement of 3 mm^3^ sized regions of interest (ROI) in primary motor cortex (a) and mid-portion of the posterior limb of the internal capsule (c). ROIs were placed on color coded fractional anisotropy maps which were automatically transferred to fused T1 MPRAGE anatomical images (b and d)](JNRP-7-102-g001){#F1}

### Magnetic resonance spectroscopy {#sec3-2}

A square volume of interest (100 mm × 100 mm × 80 mm) was positioned in the centrum semiovale region to include mainly bilateral motor cortex, posterior limb of the internal capsule, and splenium of CC. Optimizing the time domain signal from the water resonance, typically at 6 Hz at a full-width half-height, localized shimming was performed on this volume. Data were acquired with water suppression to enable a first-order phase correction for the effects of eddy currents and field inhomogeneity. As shown in Figure [2a](#F2){ref-type="fig"}-[c](#F2){ref-type="fig"}, MR spectra was selected from the primary motor cortex (one sub-voxel from each side of the primary motor cortex in the white matter near the knob of central sulcus), mid-portion of posterior limb of internal capsule (one sub-voxel on each side), and in splenium of CC (single sub-voxel). Using the software provided by Siemens Medical system made second-order phase correction and integral calculation of choline (Ch), creatine (Cr), and N-acetyl aspartate (NAA) peaks. As the value of Cr is stable in many disease conditions of the brain, it was selected as reference standard.

![(a-c) Placement of regions of interest (ROI) in right primary motor cortex, splenium of corpus callosum and posterior limb of right internal capsule in three-dimensional multi-voxel spectroscopic images. White box represents voxel of interest and blue box represents activated ROI](JNRP-7-102-g002){#F2}

Statistical analysis {#sec2-5}
--------------------

Obtained data were analyzed using standard statistical tests. Mean, standard error of mean of the FA and MD values, NAA/Cr, NAA/Cho ratios were calculated for control and cases. *P* \< 0.05 was considered as statistically significant. Statistical data were analyzed on QI Macros version, KnowWare International inc., USA. 2014.09 extension tool for Microsoft Excel for Mac 2011.

Results {#sec1-3}
=======

Clinical characterization {#sec2-6}
-------------------------

A total of 21 patients were enrolled in the study, and 13 healthy volunteers formed control group. Based on clinical profile and El-Escorial score patients were classified in definite (*n* = 7), probable (*n* = 7), possible (*n* = 7). Eleven patients showed limb onset and 10 patients showed bulbar onset.

Diffusion tensor imaging {#sec2-7}
------------------------

ALS patients showed significantly decreased FA and increased MD values in primary motor cortex and in the posterior limb of the internal capsule on both sides (*P* \< 0.05). In genu and splenium of CC, FA values were decreased and MD values were increased (*P* \< 0.05). Compared with healthy controls, patients showed decreased FA values in left side of pyramidal eminence of medulla oblongata (*P* = 0.007), however FA value on right side and MD values on either side did not show statistical significance.

FA and MD values from patients who were classified in definite disease group showed significant difference between cases and control in each region of the brain as shown in [Table 1](#T1){ref-type="table"}. Patients having probable disease showed significant difference in primary motor cortex, posterior limb of the internal capsule, and in CC. Pyramid shows significant difference in FA values on left side in probable group and on right side in definite group. Patients having possible disease showed significant decrease in FA and increase in MD values in primary motor cortex and in the posterior limb of the internal capsule (*P* ≤ 0.05). In patients with possible disease, CC and pyramid did not show significant difference in either FA or MD values.

###### 

*P* values in various regions of brains and their respected groups

![](JNRP-7-102-g003)

Patients with bulbar onset ALS showed significant reduction in FA values and increase in MD values, except FA values in the region of right side of the primary cortex. ALS-L patients also show significant decrease in FA values and increase in MD values, except increase in MD values. CC show significant decrease in FA values and increase in MD values in ALS-B patients.

Magnetic resonance spectroscopy {#sec2-8}
-------------------------------

Metabolite ratios are shown in [Table 2](#T2){ref-type="table"} within each disease categories and limb vs bulbar onset disease. Patients having definite disease showed reduced NAA/Cr and NAA/Ch ratio in primary motor cortex, posterior limb of internal capsule, and splenium of CC (*P* \< 0.04) Patients having probable disease also showed reduced NAA/Cr ratio (*P* \< 0.04). However, NAA/Ch ratio was not having statistical significance. Patients having possible disease or relatively early phase of the disease showed no reduction in either ratio.

###### 

Various regions of brain and comparison of cases and controls in various groups and related *P* values

![](JNRP-7-102-g004)

In all three phase of disease, NAA/Cr and NAA/Ch ratio showed significant (*P* ≤ 0.05) reduction on either side in white matter of the primary motor cortex.

In definite and probable disease group posterior limb of the internal capsule showed reduced NAA/Cr and NAA/Ch ratios on either side. In patients with possible disease, decrease in NAA/Cr ratio was found. However in this group decrease in NAA/Ch ratio was not statistically significant.

Patients having limb onset ALS showed reduced NAA/Cr and NAA/Ch ratios in primary motor cortex, posterior limb of the internal capsule but not in splenium of CC.

Patients having bulbar onset ALS showed reduced NAA/Cr and NAA/Ch in splenium of CC, primary motor cortex, and posterior limb of the internal capsule (*P* \< 0.02) except for NAA/Ch ratio on left side of internal capsule.

Discussion {#sec1-4}
==========

Motor neuron disease is one of the most common adult onset neurodegenerative diseases.\[[@ref1]\] Pathological changes in ALS show atrophy of anterior horn cells in the spinal cord, atrophy of motor cortex, atrophy of cranial nerve nuclei in brain stem, etc. These changes microscopically show degeneration of nerve fibers with gliosis.\[[@ref12]\] Many studies have tried to detect such changes with the help of modern MR sequences such as DTI and MRS.\[[@ref7]\] These changes differ in different disease category, that is, definite, probable, and possible, and also between bulbar versus limb onset of disease.

Diffusion tensor imaging {#sec2-9}
------------------------

Involvement of white matter in ALS patients is increasingly being recognized.\[[@ref13]\] Our study tries to quantify the difference of water diffusion characteristics along CST. For these two quantifiable variables, FA and MD were used. Spatial changes in the CST have been suggested by many studies.\[[@ref8][@ref13]\] We have studied four regions of the brain, that is, primary motor cortex, posterior limb of internal capsule, CC, and pyramid. In our study, controls show decreasing FA and increasing MD values from motor cortex up to pyramid. However, pyramid shows lower FA values and higher MD values with a broader range, which can be suggested by the presence of other tracts and nuclei at brain stem level.\[[@ref14]\] These findings of our study are in well concordance from studies done by Virta *et al*., Stieltjes *et al*., Pierpaoli *et al*., and Toosy *et al*.\[[@ref8][@ref14][@ref15][@ref16][@ref17][@ref18]\]

In ALS patients, we found significant reduction in FA values on either side of primary motor cortex compared to healthy control (*P* \< 0.04). This finding has been suggested by many previous studies.\[[@ref19][@ref20][@ref21][@ref22]\] We also found that the reduction in FA values is correlating with stage of disease. More reduction in FA value and increase in MD values were found in patients having definite disease than probable or possible category, which corresponds to the extent of axonal degeneration.\[[@ref22][@ref23]\] Similar changes were also noted in the posterior limb of the internal capsule. FA and MD values show significant changes in all disease stages (*P* \< 0.015). Even in early disease, that is, in possible disease primary motor cortex and posterior limb of internal capsule show significant changes.\[[@ref24][@ref25][@ref26]\]

Changes in white matter have also been documented to extend well farther from classic motor network, that is, CC.\[[@ref7][@ref27]\] Our study found that CC show decreased FA and increased MD values along genu and splenium. These changes are consistent with progression of the disease. We found significant difference in definite and probable disease. In patients with possible, that is, relative early course of disease CC did not show significant difference. Due to tightly packed bundle interhemispheric association appears to involve late in disease. It might be due to secondary disease progression through callosal fibers or independent feature of bicortical progression.\[[@ref27]\] Genu of CC showed more decrease in FA value compared to splenium in all three groups. This subtle finding can suggest that the involvement of anterior CC might be one of the causative factors in the development of frontotemporal dementia, which is recognized now more frequently in patients of motor neurone disease (MND).\[[@ref27][@ref28][@ref29]\]

ALS-L patients showed significant reduction in FA and increase in MD values in primary motor cortex and posterior limb of the internal capsule. These changes were consistent with previous studies done.\[[@ref30][@ref31]\] CC and pyramidal eminence of medulla oblongata did not showed consistent and significant changes associated with the disease.

ALS-B patients showed reduced FA and increased MD values in the posterior limb of the internal capsule and primary motor cortex except for reduction in FA values in right side of the primary motor cortex. CC showed reduced FA and increase MD values along its splenium and genu except for an increase in MD values in the genu. Changes in CC, that is, in extramotor area in bulbar onset patients may be suggestive of more advanced involvement of nervous system and could be related to grave outcome.\[[@ref32]\]

Magnetic resonance spectroscopy {#sec2-10}
-------------------------------

H-MRS has been shown to be useful in patients with MND for the early detection of neuronal loss/dysfunction in the motor cortex, CST, and extramotor cortex. It can also be used for the assessment of longitudinal progression of the disease and the effect of drug therapy. In this study, comprehensive evaluation of MRS observed alterations in cerebral metabolites in primary motor cortex, splenium of CC, and in the posterior limb of the internal capsule.\[[@ref33]\]

Our study showed reduced mean absolute value of NAA in ALS patients with 4.38 ± 0.90 ppm on right side and 4.32 ± 0.80 ppm on left side in the primary motor cortex. We also found a modest increase in Ch and Cr values as compared to healthy controls. Although increased Ch is not substantiated by other investigators in ALS and it could be reflective of cerebral astrogliosis or cellular membrane degeneration.\[[@ref34][@ref35][@ref36][@ref37]\] Absolute values of metabolites did not show significant difference in the internal capsule.

NAA/Ch ratio among patients was 1.9 ± 0.69 on right side and 2.03 ± 0.75 on left side in the primary motor cortex. On comparing with healthy control, these ratios were reduced significantly on either side (*P* \< 0.05). This findings are consistent with various previous studies done.\[[@ref10][@ref38][@ref39]\] Interestingly, our study also found that these changes are seen in all three groups of patients; signifying that even in early stages, that is, in possible disease NAA/Cr and NAA/Ch ratios are altered.

NAA/Cr and NAA/Ch ratios were significantly reduced in definite and probable group of patients. NAA/Cr ratio was reduced in patients with possible disease, while NAA/Ch ratio was not significantly reduced. These changes can be interpreted as slightly delayed involvement of lower portion of CST in corona radiata in the course of disease progression. Reason for increased Cr and Ch concentrations in the motor cortex is probably due to increased gliosis and membrane phospholipid breakdown. Suhy *et al*. however, showed increased Ch and Cr values in the early stage of disease followed by a decrease in these values on follow-up MRI.\[[@ref40]\] These changes can provide insight into heterogenous nature of involvement of CST by the disease. As pathological studies and diffusion tensor MRI have shown that CST involvement is not a contiguous process, reduction in above mentioned ratios along CST cannot be predicted by mere craniocaudal model of CST.\[[@ref8][@ref25]\] This can suggest that there can be multiple site of disease onset within CST.

Smith in 1960 showed the involvement of CC in its mid anterior and to a lesser extent posterior part.\[[@ref6]\] The structural changes occurring in CC is beyond the conventional MRI.\[[@ref41]\] A study done by Chapman *et al*. showed no significant difference in CC size among healthy controls and ALS patients. However, as DTI data has shown disease related changes in ALS patients with altered FA and MD values as described previously.\[[@ref27][@ref29]\] Possible explanation suggested by Chapman *et al*. were that changes detected by DTI are too subtle, or do not manifest in a way to be observed with the resolution of structural MRI. Alternate explanation can be that any fiber atrophy occurring in the CC due to neuronal degeneration is offset by a consequent reactive gliosis, a characteristic proliferative response of local astrocytes to various brain insults.\[[@ref41]\] These subtle metabolite changes can be studied *in vivo* by application of MRS to CC. Our study also showed reduced absolute NAA values in the splenium of CC in cases. However, Cr and Ch level were not reduced. Mean NAA/Cr ratio was 1.59 ± 0.28 and mean NAA/Ch ratio was 1.7 ± 0.29. These were significantly reduced as compared to healthy controls. Patients having definite disease showed significant reduction in NAA/Cr (*P* = 0.05) and NAA/Ch (*P* \< 0.01). While patients in probable category showed significant reduction in NAA/Cr (*P* = 0.04) ratio, and no significant changes were seen in NAA/Ch. However, patients with possible category showed no significant reduction in either ratio. These findings show that CC involvement is not seen in the early disease. As the disease progresses and more widespread involvement of neurons occur, fibers entering CC are involved.

Amyotrophic lateral sclerosis limb versus bulbar onset {#sec2-11}
------------------------------------------------------

Our study showed that patients with limb onset of disease were having consistent involvement of primary motor cortex and posterior limb of internal capsule with significant reduction in NAA/Cr and NAA/Ch ratios (*P* \< 0.03). However, CC shows no significant changes in limb onset.

Patient having the bulbar onset of disease showed consistent changes with statistical significance in primary motor cortex and posterior limb of the internal capsule (*P* \< 0.02). Splenium of CC also showed significant reduction in FA and MD values as opposed to ALS-L patients. Hence, both of these techniques throw insight on differing pattern of brain involvement.

Our study has few limitations, that is, we have studied small sample size as few patients having definite disease and involvement of respiratory muscles were excluded. Furthermore, the incidence of disease is smaller in our region than west. In a technical aspect of DTI, we have used manual ROI method which has little limitation,\[[@ref42]\] on the aspect of reproducibility but our strenuous efforts and consistent approach has helped to limit this bias.

Conclusion {#sec1-5}
==========

DTI and MRS detect changes associated with ALS even in early phase of the disease. Bulbar onset and limb onset ALS patients show different pattern of involvement. Extramotor involvement suggested by CC involvement is a feature seen in bulbar onset patient and can suggest poor outcome in such patients. The present findings may be helpful for designing further studies in the direction of more early diagnosis of disease and its management.
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